Abstract Islet autotransplantation (IAT) is performed at the time of total pancreatectomy (TP) to prevent or minimize post-surgical diabetes. Corticosteroids induce insulin resistance and present a risk to islet autografts, through glucotoxicity and increased metabolic demand on a marginal islet mass. We present four IAT recipients treated with oral or injected corticosteroids after transplant for medical conditions unrelated to chronic pancreatitis or TPIAT. Hyperglycemia or insulin resistance was evident in all four patients, including reversion to long-term insulin therapy in two patients. One patient receiving corticosteroid injections had a transient increase in hemoglobin A1c (?0.6% above baseline), and one patient given a one time dose of oral dexamethasone exhibited hyperglycemia despite high insulin ([200 mU/L) and C-peptide (15.3 ng/mL) production on an oral glucose tolerance test. IAT recipients have insufficient islet mass to compensate for the insulin resistance induced by corticosteroids. Caution should be given to using these agents in IAT recipients. When corticosteroids are medically necessary, insulin therapy should be administered temporarily to compensate for the increased metabolic demand and minimize long-term risks on the islet graft.
Introduction
Total pancreatectomy and intraportal islet autotransplantation (TP-IAT) may be performed for treatment of severe chronic pancreatitis. The goal of the IAT is to prevent or minimize the otherwise inevitable surgical diabetes [1] . Because patients undergoing this procedure have a chronically inflamed and scarred pancreatic parenchyme, the number of islets available for transplantation is limited and highly variable between individuals [2, 3] . In addition, islets may be lost during the difficult isolation procedure. Thus, all recipients receive fewer islets transplanted than are present in an average adult pancreas. With this limited islet mass, approximately one-third of patients achieve insulin independence, while a significant number of insulin-dependent patients retain enough endogenous insulin secretion to maintain near normal blood sugars on lowdose insulin therapy [1, 4] .
Attrition in islet function does occur in some insulinindependent patients [5] . Although the reasons for this decline are unclear, possible factors include exhaustion of a marginal beta cell mass or environmental toxicity, such as hyperglycemia [6] . In order to preserve insulin independence as long as possible, we are particularly careful to avoid chronic or severe acute hyperglycemia, to minimize the risk of glucotoxicity on the beta cells.
Corticosteroids induce skeletal muscle and hepatic insulin resistance and may cause hyperglycemia in susceptible individuals [7] . Because most healthy non-diabetic individuals tolerate such medications without any notable sequelae, physicians may not recognize the potential of these agents to induce immediate hyperglycemia and even long-term declines in beta cell function in ''non-diabetic'' IAT recipients. Such individuals have a marginal islet mass that cannot adequately compensate for the degree of insulin resistance induced. Hyperglycemia, when extreme or sustained, may cause irreversible damage to the transplanted islets.
Although we have seen such cases, there are few publications available in the existing medical literature to alert primary care providers to the importance of exercising caution in prescribing these agents. To illustrate the potential risks of corticosteroids in IAT recipients, herein we report four insulin-independent patients status post TP-IAT who received brief treatments with glucocorticoids, resulting in transient hyperglycemia and/or failure of the islet autotransplant.
Case reports
Case #1 is a 30-year-old woman with idiopathic chronic pancreatitis who underwent TP-IAT at 23 years of age with a transplanted islet mass of 3,062 IE/kg. She was maintained on daily glargine therapy during the first-year posttransplant, with hemoglobin A1c (HbA1c) levels of 6.8 and 6.2% at 5 and 9 months post-transplant. Glycemic control subsequently improved, and she was weaned off all insulin therapy at approximately 1-year post-transplant and remained off insulin until 4.8 years post-transplant, with HbA1c 5.5-5.8%. At 4.7-year post-transplant, the patient presented to the emergency department for a severe allergic reaction manifesting as generalized hives. She received methylprednisolone 125 mg IV and an antihistamine and was discharged on prednisone (20 mg PO twice daily for 3 days, followed by 20 mg PO daily for 3 days). She was subsequently seen by her primary care provider, who prescribed additional prednisone 20 mg tablets for an unclear duration due to unresolved hives. The patient was not monitoring blood sugars during this interval. At 3 weeks after initiation of high-dose corticosteroids, the patient presented with complaints of excessive thirst, muscle spasms, loss of appetite, and weight loss. A random blood sugar at this time was 438 mg/dL and HbA1C level was 10%, a significant increase from 5.6% 4 months prior. The patient resumed insulin therapy with a basal-bolus regimen of glargine and aspart, and was later transitioned to an insulin pump. Her most recent HbAIc was 5.8% on a continuous subcutaneous insulin infusion by ambulatory insulin pump.
Case #2 is a 68-year-old woman who underwent TP-IAT for idiopathic chronic pancreatitis at 65 years of age. She received 3,248 IE/kg transplanted intraportally. She subsequently maintained borderline islet function, off insulin, with HbA1c of 6.7% at 3 and 6 months post-transplant, and 6.9% at 14 months post-transplant. C-peptide levels from a mixed meal tolerance tests (Boost HP, 360 mL) are displayed in Fig. 1 . At 17-month post-transplant, HbA1c was increased to 7.5%, and the patient initiated correction scale aspart but no other insulin. She was started on gliperimide by her primary care physician per the patient's desire to try to remain off insulin. At 22 months post-transplant, due to leg cramps, the patient was prescribed high-dose prednisone (50 mg daily for 2 days, subsequently tapered down by 10 mg every 2 days). The patient noted an immediate increase in selfmonitored blood sugars to greater than 400 mg/dL, and prednisone was stopped after less than 1 week. Islet function was subsequently retested at 2 years post-transplant (off prednisone), and revealed HbA1c 8.7%, decreased C-peptide response to MMTT, and elevated glucoses on MMTT (Fig. 1) . She was restarted on insulin therapy, and most recently requires 10 units glargine daily with correction scale aspart. HbA1c was improved (6.9%) and C-peptide stable on mixed meal testing at 3-year-follow up.
Fig. 1 C-peptide and glucose values fasting and 2 h after a mixed meal stimulus (Boost HP, 360 mL) for case #2 at various time points. Corticosteroids were administered between the 14-month and 2-year time points. Fasting and 2 h stimulated C-peptide levels were lower and glucoses higher at the 2-and 3-year follow-up, compared with earlier assessments. However, the function appeared similar between 2 and 3 years Case #3 is a 56-year-old woman with idiopathic chronic pancreatitis who underwent TP-IAT at 52 years of age. She received 3,758 IE/kg intraportally, and discontinued all insulin therapy at 2 months post-transplant. She maintained HbA1c levels of 5.2-5.6% at 3-12 months post-transplant. She developed shoulder and neck pain and was treated with steroid injections at 21 months (one injection of unknown dose) and 24 months (two injections of 80 mg triamcinolone and 10 mg dexamethasone respectively). At subsequent follow-up at 26 months, HbA1c had risen to 6.4% (Fig. 2) . She was started on an oral anti-diabetic agent, sitagliptin, for 2 months; HbA1c improved to 5.6%, and all anti-diabetogenic therapy was discontinued. She has subsequently maintained HbA1c levels stable and consistently \6% off insulin and avoiding corticosteroids.
Case #4 is a 19-year-old woman who underwent TP-IAT at the age of 14 years for chronic pancreatitis attributed to idiopathic disease and annular pancreas. She received a large islet mass of 11,576 IE/kg (approximately 8,000 IE/ kg transplanted intraportal and the remaining islets in the peritoneal cavity). The patient achieved and maintained insulin independence, with HbA1c levels of 5.4-5.7%. At 3.2 years post-transplant, the patient received a single dose of dexamethasone (6 mg intravenously) for nausea related to an endoscopy procedure. Incidentally, she was scheduled for a routine oral glucose tolerance test (OGTT, 75 grams glucose load) the following morning. This test revealed significant insulin resistance; despite a robust insulin response (peak insulin level of 210 mU/L and C-peptide 15.3 ng/dL), the patient had profound post-prandial hyperglycemia, with blood sugar [400 mg/dL at 60 and 90 min after the glucose beverage ( Table 1 ). The patient's HbA1c levels on the day of the test and repeat 5 weeks later were both 5.7%, suggesting that the hyperglycemia was specifically related to the corticosteroid and not indicative of the patient's usual glycemic control. This patient had no longterm sequelae and remains insulin independent.
Discussion
High-dose corticosteroids are commonly prescribed as antiinflammatory agents for a number of conditions. As illustrated in the cases above, use of these agents in islet autotransplant recipients may cause transient or permanent compromise in glycemic control and warrants special consideration. IAT patients have a marginal islet mass, which may be unable to compensate for the profound insulin resistance induced by even brief exposure to highdose corticosteroids. Resulting hyperglycemia may mediate permanent damage through glucotoxicity. For this reason, we advocate that corticosteroids be avoided in IAT recipients when alternative therapies are available.
Glucocorticoids induce both skeletal muscle and hepatic insulin resistance, thereby reducing both post-prandial glucose uptake and the normal suppression of hepatic gluconeogenesis [7] . The extent of insulin resistance can be profound and sufficient to induce diabetes in susceptible individuals. This is illustrated well in case #4. This patient received only a single dose of dexamethasone but shortly thereafter demonstrated profound post-prandial hyperglycemia despite the presence of relatively high insulin levels. Case #3 received just 3 isolated injections of Fig. 2 Case #3 HbA1c, fasting, and peak stimulated glucose (from mixed meal tolerance test) over 3 years post-transplant. The arrows indicate three corticosteroid injections, which preceded the highest HbA1c, fasting glucose, and peak stimulated glucose for this subject. The subject remains insulin independent through 3 years of follow-up Hyperglycemia was observed despite excellent secretory capacity of the intraportal islet graft, as documented by elevated insulin and C-peptide levels. The patient's hemoglobin A1c was 5.7% at this time and several weeks later, suggesting that this profound post-prandial hyperglycemia was transient, related to corticosteroid-induced insulin resistance * C-peptide level was assayed at the fasting and 120 min time points only Acta Diabetol (2014) 51:141-145 143
corticosteroids, yet this was sufficient to elevate the hemoglobin A1c to 6.4%, significantly higher than any of her HbA1c levels before or since that time. Interestingly, there may also be an acute inhibitory effect of corticosteroids on insulin secretion, which would further impair the ability of the transplanted beta cells to compensate [7, 8] .
IAT recipients have a small islet mass compared with healthy individuals. For example, while an average adult pancreas may have 1 million islets [9] , our IAT recipients receive 230,000 islet equivalents transplanted on average; some of the transplanted islets likely succumb to hypoxia and apoptosis, leaving an even smaller surviving islet mass [10] . Thus, corticosteroid-induced insulin resistance places a great burden on these few islets, which are unable to compensate. The resultant hyperglycemia can lead to permanent damage to the beta cells, as is evidenced most clearly in case #1. This patient had a normal HbA1c and was insulin independent at more than 4 years after her transplant, but presented with rapid onset of symptomatic diabetes after prednisone treatment and continues to require an ambulatory insulin pump even after discontinuing steroids. Case #2 also had an irreversible decline in islet function documented shortly after corticosteroid administration, although modest hyperglycemia was present even prior to corticosteroid administration and may have contributed in this case.
Intraportal islets may be particularly susceptible to glucotoxicity. This is documented best in the early posttransplant period, during the time of islet engraftment. During islet engraftment, exposure to hyperglycemia greatly increases the proportion of apoptotic beta cells [6] . Late hyperglycemia may also damage beta cells, by increasing oxidative stress and shifting beta cells toward a state of apoptosis, similar to that seen with type 2 diabetes mellitus [11] . Elevations in circulating fatty acids induced by corticosteroids may cause further damage to the beta cells in the face of high glucose, a concept known as glucolipotoxicty [11] .
IAT studies in canines have clearly documented the adverse effect of prednisone. A short course of prednisone given early or late in the post-transplant period induced hyperglycemia and accelerated islet graft failure in dogs. However, this effect could be mitigated by administering insulin during the period of steroid therapy [12] [13] [14] . Interestingly, one of the key advances in cadaveric donor islet allo-transplantation for type 1 diabetes was removing corticosteroids from the immunosuppression regimen [15] , and current alloislet transplant protocols avoid corticosteroids [16] .
Although we advocate avoiding corticosteroids when possible, there may be rare circumstances in which corticosteroid therapy is medically necessary. In these cases, we encourage the involvement of the patient's endocrinologist and transplant care team. During the time of corticosteroid administration, insulin can be started or dose increased empirically to avoid glycemic stress on the islets. Patients should monitor blood sugars closely (e.g., pre-meal and 2 h after a meal). The goal is to aggressively maintain blood sugars in a normal or near-normal range, to prevent glucotoxicity and beta cell exhaustion. Insulin can be weaned down or off after the completion of steroid therapy.
Conclusions
In summary, these cases illustrate hyperglycemia in IAT recipients receiving corticosteroid therapy. In some cases, this may lead to irreversible diabetes mellitus and thus corticosteroids should be used with caution. Based on these experiences and the available evidence, we recommend the following: (1) avoidance of corticosteroids whenever medically feasible; (2) when no alternatives exist, corticosteroids should be administered only under careful monitoring and in conjunction with a physician experienced in insulin management.
